Acoustic properties of the fluorinated copolymer Kel F-800 were determined with Brillouin spectroscopy up to pressures of 85 GPa at 300 K. This research addresses outstanding issues in highpressure polymer behavior, as to date the acoustic properties and equation of state of any polymer have not been determined above 20 GPa. We observed both longitudinal and transverse modes in all pressure domains, allowing us to calculate the C 11 and C 12 moduli, bulk, shear, and Young's moduli, and the density of Kel F-800 as a function of pressure. We found the behavior of the polymer with respect to all parameters to change drastically with pressure. As a result, we find that the data are best understood when split into two pressure regimes. At low pressures (less than ∼5 GPa), analysis of the room temperature isotherm with a semi-empirical equation of state yielded a zero-pressure bulk modulus K o and its derivative K 0 of 12.8 ± 0.8 GPa and 9.6 ± 0.7, respectively. The same analysis for the higher pressure data yielded values for K o and K 0 of 34.9 ± 1.7 GPa and 5.1 ± 0.1, respectively. We discuss this significant difference in behavior with reference to the concept of effective free volume collapse.
INTRODUCTION
The behavior of polymers under extreme pressure has been of increasing interest in recent years, partly because of the sizable and growing field of potential high-pressure applications. 1 Polymer-bonded explosives (PBXs), for example, are already well established, though the specific properties of polymers at peak pressures are not well understood. 2 Fortunately, research into this issue is made possible by the application of well-known techniques frequently used with amorphous materials. As a result of the close relationship between acoustic properties and mechanical properties, Brillouin spectroscopy and related acoustic methods have been applied to characterize the behavior of polymers. [3] [4] [5] In determining polymeric equations of state, these methods avoid several problems that would prohibit the use of more standard methods, such as x-ray diffraction. The amorphous or semicrystalline structure of polymers is significantly troublesome for these methods, as x-ray diffraction requires fully crystalline material to provide meaningful data. 6 In addition, these methods work well when combined with a diamond anvil cell (DAC), which is necessary to achieve the desired pressures.
To our knowledge, no polymeric material has been studied at pressures above 20 GPa. While polymers display interesting behavior below this pressure, an investigation into higher pressures is greatly needed to both characterize the high-pressure regime for the first time and to provide a larger context in which to better interpret the lower-pressure results. Below 20 GPa, polymers in general exhibit an unusually rapid increase in density and stiffness that slows significantly with increased pressure. 3 This behavior has been attributed to the collapse of free volume within the amorphous polymer structure. While this collapse is relatively well understood, a lack of high-pressure data has prevented the full characterization of the polymer after substantial compression.
Using Brillouin spectroscopy, we measured the acoustic velocities of the fluorinated copolymer Kel F-800 at pressures up to 85 GPa. This paper represents an extension of the research of Stevens et al., in which the acoustic and elastic properties of Kel F-800 had been investigated up to 20 GPa. 7 The motivation of our research was not simply to push the analysis of this specific polymer to higher pressures, as the largest changes in behavior are known and occur below 20 GPa. Rather, our high-pressure data allows us to offer the first characterization of any polymer after the complete collapse of free volume. We also discuss our results not only as applied to the specific properties of Kel F-800 but also as representative of the behavior of polymers in general.
EXPERIMENTAL METHODS
Kel F-800 is a copolymer of chlorotrifluoroethylene (CTFE) and vinylidene fluoride (VDF) with a 3:1 ratio of CTFE to VDF. Our sample of Kel F-800 was obtained after use in the aforementioned experiments. Further details regarding the polymer can be found in the associated paper. 7 As our focus was on the structural properties of the polymer, studies of the polymer's crystallinity were of interest. Kel F-800 is known to have a relatively low percent crystallinity, although this varies widely with temperature history. 8 The effects of pressure on crystallinity are unknown. At ambient pressure, the crystallinity of our sample had previously been determined to be ∼1.3%, although this was measured over a year before the current work. 7 In order to determine if there was significant crystallization that would affect the interpretation of data, we recorded diffraction patterns of our Kel F-800 sample at 25 GPa, 56 GPa, and 85 GPa at beamline 16-ID-B (HPCAT), Advanced Photon Source, Argonne National Laboratory. While we were not able to subtract the background signal from the resulting spectra, it was still possible to clearly determine that the polymer was essentially completely amorphous at these pressures. The diffraction patterns are shown in Fig. 1 .
Given the great variability in properties often associated with polymers, it is critical to ensure the reproducibility of the results. During experimentation, we loaded four samples in two different DACs, taking care to overlap the pressure ranges examined for each sample. The procedure was similar for each round of data collection. First, a small polymer sample was loaded into the gasket hole of a DAC as to fill the entire volume. Lower-pressure runs employed a stainless steel gasket, diamonds with 300 μm culets, and sample sizes of roughly 150 μm in diameter and 50 μm in thickness. During the high-pressure run, a rhenium gasket was used to reduce gasket deformation at high pressures, the DAC contained diamonds with 240 μm culets, and a smaller gasket hole. In each cell we placed a few ruby chips for pressure determination, spaced within the gasket hole as to provide pressure measurements at several locations in the sample.
Each sample was loaded without an internal pressure medium. This practice has not been universally accepted within the high-pressure polymer research community, with some researchers arguing that the advantage of the gain in hydrostaticity of pressure outweighs its disadvantages. 4 We hold a contrary opinion for several reasons. First, since common pressure media such as argon and nitrogen solidify at pressures below 5 GPa, the inclusion of a medium at higher pressures would have offered only minimal improvements. 9 It was also a concern that the independent sound velocity of the medium would obscure the weak transverse mode peaks of the polymer during Brillouin spectroscopy. Finally, and most importantly, it is possible that the medium could diffuse into the polymer, providing an internal source of pressure that would inhibit the natural collapse of free volume and thus alter the behavior of the polymer. This effect has not been thoroughly examined, as no study has yet directly compared polymer behavior with and without a pressure medium, and we chose to simply omit the medium. Unfortunately, we were unable to avoid a pressure gradient within the sample. This was not a large concern at lower pressures, but because the gradient increased proportionally to the central pressure the gradient became significant at high pressures. The presence of ruby chips at several locations within the cell allowed us to quantify this uncertainty. We discuss this source of error later in this paper.
Brillouin spectroscopy is a well-established method of determining acoustic velocities, and a complete discussion can be found elsewhere. 10, 11 Due to the close relationship of acoustic velocities and crystal structure, Brillouin spectroscopy traditionally requires detailed studies of sample orientation. For an isotropic material, these concerns are eliminated. The experimental process can be further simplified with the use of a symmetric, forward scattering geometry, a setup that reduces the Brillouin shift equation to
where ν is the Brillouin shift, υ is the acoustic velocity, λ 0 is the incident laser wavelength, and θ is the scattering angle. 12 While a completely backscattering geometry offers the highest resolution, a feature not always desirable in its own right, the refractive index will enter Eq. (1); thus, the velocity calculations require knowledge of the refractive index of the sample. Any pressure dependence of the refractive index would further complicate the analysis. In the symmetric, forward scattering geometry, refractive effects mutually cancel, allowing acoustic velocities to be calculated directly from the frequency shift.
Brillouin scattering systems are fairly standard in the field. A 514.5 nm Ar-ion laser, maintained at 300 mW throughout experimentation, provided the incident light. The beam was focused to about 10 μm in diameter at the sample. The DAC and collection lens were placed such that the phonon wave vector lied in the plane of the sample. The scattering angle was set to be 38.6
• . Frequency shifts were resolved with a 3+3 tandem Fabry-Perot interferometer calibrated with a 100 μm glass plate and liquid ethanol. The interferometer has a relatively thin instrumental linewidth, a necessary feature given the small Brillouin frequency shifts of only a few GHz and the low intensity of the peaks. 13 Since our investigation involved a broad pressure range, we took data over three different free spectral ranges: 20 GHz for pressures below 2 GPa, 30 GHz for pressures from 2 to 25 GPa, and 60 GHz for pressures up to 85 GPa. The light transmitted through the interferometer was detected with a J. Chem. Phys. 137, 014514 (2012) FIG. 2. Sample Brillouin spectrum at 85 GPa. Note the overlap of the Kel F-800 longitudinal peak and the diamond transverse peak.
photon-counting photomultiplier interfaced to a multichannel scalar. Each final spectrum represents the summation of scans collected over durations of 15 min to up to 2 h, the times reflecting the extremely low intensity of the transverse mode peak.
The overall sample pressure range was 0.5-85 GPa. Measurements were taken at intervals of around 0.5 GPa at low pressures, where the polymer displays the largest changes in behavior, and progressively increased in spacing until the last interval of 9 GPa. Care was taken to overlap the pressure ranges of subsequent sample runs. While the properties of Kel F-800 below 20 GPa have already been documented by Stevens et al., 7 it was necessary to ensure that our data was consistent with the previous work. Our initial goal was 100 GPa, but 85 GPa proved to be the highest feasible pressure given our setup. As indicated in Fig. 2 , the longitudinal mode of the polymer features an acoustic velocity similar to that of the transverse mode in the diamond, preventing the acquisition of meaningful data at higher pressures.
RESULTS AND DISCUSSION
Brillouin spectra for Kel F-800 are shown in Fig. 3 for four different pressures. The central peak is due to inelastic Rayleigh scattering, and thus has no frequency shift. Indicated on the figure are the peaks attributed to the longitudinal and transverse acoustic modes. Transverse waves were less intense than their longitudinal counterparts at all pressures. This characteristic made observation of transverse modes difficult at times, and for lower pressures the transverse peaks were nearly obscured by broadening of the Rayleigh line and by baseline noise. Extending the sample run time and increasing the interferometer's free spectral range helped accentuate the transverse mode.
At high pressures, the overall intensity of the signal decreased significantly, likely due to thinning of the sample. This effect required run times approaching two hours to achieve desired peak resolution and notably decreased the signal-to-noise ratio. While we had initially expected that the transverse mode would become unresolvable at pressures higher than 30 GPa due to increased noise, the transverse mode unexpectedly grew in intensity relative to the longitudinal mode. By 40 GPa, the transverse mode was significantly more intense relative to noise than at lower pressures. This rel- ative change could be due to the stiffening of intrachain bonds and the resulting physical interlocking of polymer chains.
Acoustic velocities were calculated with the Brillouin shift equation, and are displayed in table of supplemental material. 33 For legibility, the data is displayed without regard to its parent sample. The data's consistency across samples can be seen in Fig. 4 , which displays acoustic velocity as a function of pressure and labels the data by sample number. The plot displays an extremely rapid increase in acoustic velocities at low pressures followed by a much more gradual increase at higher pressures, a pattern that was observed throughout the data analysis.
Error was calculated by propagating the uncertainty in peak position, which ranged from 0.2 GHz for both modes at low pressures to 0.8 GHz for high-pressure longitudinal points and 0.5 GHz for transverse points. In general, we observed that linewidths broadened as we increased pressure, an effect attributed to the increase in runtime required at higher pressures. This uncertainty was combined with an uncertainty of 1
• in the scattering angle to yield velocity uncertainties that   FIG. 4 . Acoustic velocities of Kel F-800 as a function of pressure. Note the consistency over several rounds, the drastic changes at low pressure, and the lack of hysteresis.
were consistently near 5% for longitudinal peaks and near 8% for transverse peaks. The uncertainty in the scattering angle is a result of possible error in angle measurement as well as the possibility of refractive effects due to diamond misalignment. It is important to note that a possible frequency dependence of elastic properties may have introduced systematic error, as Brillouin measurements are taken at frequencies on the order of several GHz. At these frequencies, the relaxation processes of the material become relevant. "Rubbery" polymers such as Kel F-800 behave such that the relaxation time generally increases with pressure near their glass transition, a process akin to an increase in viscosity in liquids. 3, [14] [15] [16] If the relaxation time is longer than the period of the probed acoustic mode, the measured sound velocity will be that of a strained state rather than the desired relaxed state. 17 Velocities for the strained state would be faster than for the relaxed state. This error would propagate through to yield a calculated density higher than the actual density. At ambient pressures, T g for Kel F-800 is around 30
• C. 8 At elevated pressures, however, the glass transition temperature of many polymers increases dramatically before stabilizing, 18 meaning that for much of our experiments we were far below the glass transition. As a result, any frequency dependence is likely small, though the effect could be seen at the lowest pressures. Further studies are needed to quantify this effect for Kel F-800, though currently no method exists to directly measure the sound velocities of the relaxed state at such extreme pressures.
Another possible source of error was the uncertainty in pressure. As mentioned above, we did observe significant pressure gradients within the sample. Gradients remained under 0.5 GPa under central pressures of 30 GPa before approaching 7.5 GPa at the highest pressures. This error was quantified by the inclusion of several ruby chips and is shown in Fig. 4 . As our laser was focused on an area (less than 10 μm) much smaller than the sample diameter, this gradient minimally affected the Brillouin shift linewidths. If any effects appear due to the pressure gradient, we should have observed on the Brillouin spectrum, for example, multiple peaks or a broad peak. However, we did not observe either of them. Also included in Fig. 4 are the results from depressurizing the second sample from 25 GPa. While all other measurements were taken after progressively increasing the load on the DAC, this set was taken while slowly decreasing the load.
From the acoustic velocities, we then calculated the bulk acoustic velocity υ B at each pressure via Eq. (2) as follows:
where υ L and υ T represent the longitudinal and transverse acoustic modes, respectively. The bulk acoustic velocity is then used in calculating density/pressure relationships, as follows:
Here, ρ represents the density at a given pressure, ρ 0 is the density at ambient pressure, and γ is the ratio of heat capacity at constant pressure to heat capacity at constant volume. This paper takes γ to be approximately 1. 33 While γ is known to vary between 1 and 1.2 for polymers, 19 the ratio rapidly approaches 1 at higher pressures. This can be seen as plausible by noting the empirical dependence of γ on the glass transition temperature T g as outlined by Warfield et al., in which large values of T g correspond to values of γ close to 1, 21 and considering that T g tends to grow dramatically larger with even small increases in pressure. [22] [23] [24] A plot of 1/υ 2 B vs. pressure is shown in Fig. 5 . As per Eq. (3), integrating this curve numerically yields the density function. Error is propagated throughout from the errors of the individual acoustic velocities. Taken alone, however, this plot is useful in discussing the structural changes in the polymer. Similar plots of conventional materials, such as that of MgO as displayed in the inset of Fig. 5 , display a much gentler slope and consistent behavior over all pressure ranges, excepting any phase transitions. 25 This drastic increase in bulk velocity is a result of the collapse of free volume within the polymer structure. The curve can be seen to level out significantly at around 5 GPa, after which the behavior approaches that of a conventional material. As discussed later, this change is significant enough to warrant separate treatments for each pressure range.
We obtained the density by integrating 1/υ 2 B to each experimental pressure. Integration was performed with a standard trapezoidal approximation. Due to the compounding error associated with this integration approximation, we also empirically fit the 1/υ 2 B curve with a smooth function and integrated symbolically. The two resulting density curves were nearly identical, prompting us to choose the trapezoidal approximation for simplicity of data presentation and error analysis. It is instructive to note that the best empirical fit among many typical curves was that of the sum of two decaying exponentials, a minor indication of disparate behavior. The plot of density vs. pressure is shown in Fig. 6 . Again, we draw attention to the distinct change in behavior around 5 GPa.
We were able to calculate elastic moduli for all pressures. For an isotropic material, elastic properties are completely described by two elastic moduli, C 11 and C 12 , and can by related to the measured acoustic velocities by 19 and
Elastic moduli can be found in table of supplemental material 33 and are plotted as a function of pressure in Fig. 7 . The bulk modulus K, Young's modulus E, and shear modulus G can then be obtained from C 11 and C 12 by commonly known relations. 20 The moduli are shown together against pressure in Fig. 8 and can be seen numerically in Table A of supplemental material. 33 We found that the increases are fairly consistent among the moduli, with the bulk, Young's, and shear moduli increasing over the pressure range by a factor of 26.3, 36.1, and 37.0, respectively. These results confirm within error the results published in Ref. 7 . The greatest increases appear at very low pressures, and we could expect to see an even greater relative increase by examining pressures below 0.5 GPa. This preferential stiffening is likely associated with to the initial collapse in free volume and the resulting loss of freedom of the polymer chains.
Our final tool in the data analysis was the room temperature isotherm, shown in ting the isotherm allows us to apply a universal equation of state to the data, a technique that can assist the analysis of behavior. This is not the first application of an empirical or semiempirical equation of state to polymers. 26 Our principal equation was the Birch-Murnaghan equation of state, provided by
Here, K o is the bulk modulus at ambient pressure and K 0 is its pressure derivative, again at ambient pressure. Due to the aforementioned unusual behavior of the polymer, the application of this equation was not immediately successful. However, its shortcomings were insightful and were eventually resolved.
From the fit of the Birch-Munaghan equation to the entire data set we obtained values of K 0 and K 0 of 25.8 ± 1.2 GPa and 5.8 ± 0.1, respectively. These values are similar to those of low strength glasses and are unreasonably high. Further inspection reveals that the fit approaches   FIG. 9 . Room temperature isotherm for Kel F-800, including fits to both the Vinet and Burch-Murnaghan EOS over the entire data set. 
Low pressure fit (<5 GPa)
High pressure fit (>5 GPa) Full data set 
and
When fitted to the entire data set, the Vinet EOS yields values of K 0 and K 0 of 23.0 ± 0.8 GPa and 6.5 ± 0.1, respectively. Like the Birch-Murnaghan equation, the Vinet equation fit the high-pressure values well, while deviating from the low-pressure values when the complete data set was fitted. As both EOS are designed for use with conventional materials, and the collapsed polymer seems to behave as a conventional material at high pressures more than at lower pressures, this is not surprising. After splitting the data set at around 5 GPa, the Vinet EOS gave results similar to the Birch-Murnaghan EOS. A summary of all fit parameters appears in Table I .
The Sun EOS was recently developed for specific application to polymers. While the fit has been shown to be accurate up to 0.2 GPa, its efficacy at higher pressures is largely unproven. Since this pressure is much lower than the pressure of complete free volume collapse, it would be expected that the EOS would fail to describe the high-pressure behavior very well. Indeed, the equation failed to converge on the full data set, as well as on just the high-pressure segment. Below 5 GPa the fit converged well, yielding a K 0 value of 11.0 ± 0.3. This result supports our division of the data, as the Sun EOS was calibrated on polymers at fairly low pressures that likely still contained free volume.
Because there is no one pressure at which all free volume is completely collapsed, we chose 5 GPa as the dividing pressure based on visual inspection of the data. There was no sharp change in any fit or its derivative, but rather a small range of about 1 or 2 GPa in which the polymer changes behavior. Changes in our division pressure of about 1 GPa had little effect on the EOS fitting, indicating that a more precise method of determining the point of complete collapse would only marginally improve our treatment of the polymer behavior. Methods for estimating free volume within polymers do exist. Positron annihilation lifetime spectroscopy (PALS) readily yields such estimations, 30, 31 although it is impractical to implement for diamond cell work. Dreger et al. have explored a method of incorporating into the polymer network a molecule that fluoresces when rotating around a single bond, acting as a monitor of the available space of its surroundings. 32 While a more precise method of determining the free volume would have been useful, our small uncertainty in the exact collapse point does not compromise our overall treatment and only minimally affects the high-pressure fitted values of K o and K 0 .
Our recommendation for a divided treatment of the polymer can likely be extended to any polymer containing significant free volume at ambient conditions. Studies on other polymers would have to be performed to determine their equations of state. Our model depends only on the large-scale molecular structure, and small changes in monomer chemistry would likely not qualitatively affect this result. This approach should be a useful starting point in the future development of a semiempirical equation of state for polymers at high pressure.
CONCLUSION
This paper presents the first examination of acoustic properties of a polymer at pressures above 20 GPa. Our results confirm those of Stevens et al. regarding changes in behavior of Kel F-800 at pressures below 20 GPa due to the preferential collapse of free volume. We were able to approximate the behavior of the polymer after the complete collapse of volume as that of a conventional material, in contrast with the divergent behavior of the low-pressure regime. This was the first such characterization for any polymer. In light of this observation we have proposed a useful division of the compression behavior of polymeric materials into two pressure regimes, based on the point effective collapse of free volume in the polymer.
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